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Abstract 
Different regulations for the design of concrete dams suggest various criteria for stability control of dams. Some of 
these criteria, which are conservative, lead to the over-design of dam sections. By using the finite element method, 
which is considered more accurate than many, this research is intended to determine the accuracy of approximate 
methods and compare them with each other. Since, according to the regulations, the length of an established crack 
within the interface between the dam and its foundation is considered a stability indicator to calculate overturning and 
sliding, the same index has been used here. To give a practical example, using the approximate methods of the U.S. 
Army Corps of Engineers, U.S. Bureau of Reclamation, and U.S. Federal Energy Regulatory Commission regulations 
for gravity dams, the stability control and safety factors are calculated in all three. Then, the same example is 
analyzed on the basis of finite element analytical software such as ANSYS as well as the uplift pressure distribution 
of regulations, and the safety factors are determined and compared with those calculated by other methods. It is 
important to note that none of the above regulations refers to the elastic properties of foundation materials in the 
calculation of base stress distribution and safety factors. Accordingly, for different kinds of foundation materials, the 
stresses of the base are calculated in the same way, and the types of materials have no effect on the safety factors 
related to stability. This poses a serious problem in all the above regulations, but this problem does not exist in the 
finite element method. This research demonstrates the necessity of the finite element method for analyzing gravity 
dams, even in their initial design phase. 
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1. Introduction 
The U.S. Army Corps of Engineers (USACE), the U.S. Bureau of Reclamation (USBR), and the U.S. 
Federal Energy Regulatory Commission (FERC) regulations are important regulations used to evaluate 
the stability of dams. All three sets of regulations incorporate engineering processes based on the limit 
equilibrium analysis of a free body diagram of concrete gravity dams.      
The methods mandated by the three sets of regulations for analyzing concrete gravity dams in 
accordance with limit equilibrium analysis are similar. Furthermore, despite the use of different analytical 
methods and procedures, when identical forces are applied, similar results are obtained. However, there 
are some differences among these sets of regulations.  
The key differences in the results reached by observing the three sets of regulations are related to the 
special equations used in calculating forces, such as uplift pressures. In addition, other factors, such as 
drain effectiveness, stability criteria for safety measures, allowable compressive strength, and allowable 
tensile strength, are other causes for differences in the results when applying these sets of regulations.  
Because the regulations apply to approximate methods, the results are not accurate. For more accurate 
results, one can consider the finite element method, which we have applied in this research to analyze the 
stability of the concrete gravity dam by comparing the results of the sets of regulations. To ensure more 
accurate modeling and clear analysis, the ANSYS v11 program, based on the finite element method, was 
used.  
2. Uplift and stability criteria according to USACE regulations 
Under these regulations, the stability of the concrete gravity dam for all loading conditions is based on 
the following:  
i. The gravity dam should be safe against overturning at any horizontal plane within its structure, at 
the base, or at a plane below the base.  
ii. The gravity dam should be safe against sliding on any horizontal plane within the structure, at the 
base, or at a plane below the base. 
iii. The stress in the concrete or in the foundation materials should not exceed allowable stress. 
2.1 Overturning stability  
Overturning stability is calculated by applying all vertical forces (N) and lateral forces for each loading 
combination as well as summing moments (ȈM) caused by the forces about the center line along the base 
for a two-dimensional dam section. The sum of vertical forces includes the resultant force to the uplift 
pressure distribution along the base of the dam. Thus N, the vertical component of the resultant force R, is 
the resultant effective pressure distribution along the base of the dam. The resultant location is offset from 
the center line of the dam by a distance e (the output from the center), which is calculated according to the 
following formula: 
 (1) 
When the resultant of all forces acting above any horizontal plane through the dam intersects is outside 
the kern (the middle one-third for two-dimensional loads, íL/6  e  +L/6), a noncompression zone will 
result for a linear pressure distribution at the base of the dam. It should be noted that linear pressure 
distribution has been assumed in the stability analysis of the gravity dam.  
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2.2 Sliding factor of safety criteria   
The sliding factor of safety (FS) is dependent on failure, the ratio of the shear strength (Ĳf), and the 
applied shear stress (Ĳ) along the failure planes, according to the following: 
WMVWW /).(/ CtgFS f                                     (2) 
Where Ctgf  MVW .  is obtained by the Mohr-Coulomb failure criterion, with ı being the normal 
stress.  
2.3 Uplift pressure criteria 
Uplift pressure resulting from head water and tail water exists through cross sections within the dam, at 
the interface between the dam and the foundation, and within the foundation below the base. This 
pressure is present within the cracks, pores, joints, and seams in the concrete and foundation material. 
Uplift pressure is an active force that must be included in the stability and stress analysis to ensure 
structural adequacy.  
Crack initiation and propagation are based on a comparison of internal (normal) stresses to the tensile 
capacity of the concrete, of the foundation material, and of the concrete-to-rock foundation interface 
region. In general, when the allowable tensile strength of the material is exceeded along the base of a 
gravity dam, a crack is assumed to form and propagate horizontally to the point at which the tensile stress 
is equal to the tensile strength. For a zero tensile strength material, this remaining un-cracked section of 
the base is entirely in compression. Drains are effective in the calculation of uplift pressure so long as the 
crack does not extend beyond the the drains. But for conditions in which the zero compression zone 
extends beyond the drains, drain effectiveness should not be considered.
3. Uplift pressure and stability criteria according to USBR regulations 
The stability of the gravity dam section is assessed using the stress distributions along imaginary 
section(s) through the dam, through the dam-to-foundation interface, and/or within the foundation. New 
dams are designed not to crack for all static loading combinations; however, cracking is permissible for 
earthquake loading if it can be shown that stress, displacement, and stability criteria are satisfied during 
and after the earthquake event. We should note that for stress calculations in the body of the dam, no 
uplift pressures are included in the initial calculation of ȈN and R; however, uplift is separately 
incorporated in crack determination. As for sliding stability calculations, uplift forces are included in the 
summation of forces.   
Cracking should be assumed to occur if the total stress at the upstream face ız is less than ızu.  
)/( sfpwh tZU  V                                    (3) 
Where 
ızu = minimum allowable compressive stress at the upstream face 
p = reduction factor to account for drains 
w = unit weight of water 
h = depth below water surface (H1)  
ft = tensile strength of concrete at lift surfaces 
s = safety factor 
All parameters must be specified using consistent units. 
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Once a crack occurs, uplift pressures equivalent to reservoir pressure above the crack exist throughout 
the entire crack depth. Unless measurements are to the contrary, drains are considered inoperable or 
ineffective after cracking occurs. This is a very conservative assumption because drains may actually 
reduce uplift pressures even more effectively than before the formation of a crack.  
4. Uplift pressure and stability criteria according to FERC regulations 
FERC determines the resultant location in a manner similar to that of USACE; however, it is more 
general. All forces, including uplift, are applied to the structure. FERC, like USACE, assumes a linear 
effective stress distribution along the dam base, or along any failure plane under consideration. A crack is 
assumed to develop between the base and foundation if the stress normal to the base is tensile. The length 
of this crack is uniquely determined by the location of the resultant, and the assumption of, linear 
effective stress distribution. FERC assumes the same uplift pressure distribution as does USACE. The 
difference is that the drainage is effective when the crack extends beyond the drain line.  
5. Example of a concrete gravity dam problem 
A 100-ft- (30.48-m-) high concrete gravity dam section is used in this series of calculations to 
demonstrate the impact of the finite element method on the results of the stability computations. Figure 1 
shows the gravity dam section being analyzed. In this case, an unusual loading condition is used. The 
dimensions, unit weights, loads, and drainage of the example concrete gravity dam are as follows: 
Drain effectiveness (E) = 0.25, distance between heel and center line of drains (xd) = 10 ft (3.05 m), 
drain height above base H = 10 ft (3.05 m), concrete density = 150 pcf (2,402.77 kg/m3), tensile capacity 
= 0 ksf (0 kPa), compressive strength of concrete (fǯc) = 30 MPa, cohesion (C) = 0, angle of internal 
friction (ĳ) = 45°.  
 
Figure 1 : Example gravity dam section 
The results of the initial stability calculation indicate that a crack will develop at the heel of the 
interface because the resultant force of the effective normal pressure distribution N acts at a point outside 
the middle one-third of the dam base. The series of equilibrium calculations is repeated until there is no 
additional change in the computed length of the crack, and all forces and corresponding moments acting 
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on the imaginary dam section are in equilibrium. After calculations, the crack length T is computed to be 
8.23 ft (2.51 m) using the USACE engineering procedure. 
6. Stability computations using the finite element method, and uplift pressure distribution 
according to USACE  
This method, like the method of regulation, is performed as iterations until the crack length is 
calculated. First, modeling is performed, and then forces are used so that initial uplift pressure with the 
complete contact of dam and foundation is applied. After the analysis program, the vertical stresses (Sy) 
on nodes of the base are investigated. If there is tension, a crack will develop. By using the linear 
interpolation method, we find the point at which the stress is zero, which is considered the crack tip. Now, 
modeling is performed again, with the difference that the crack is modeled with no contact between the 
dam and foundation from the heel to the crack tip. So the new uplift pressure is applied to the model 
according to the regulation, and analysis is performed to obtain the results. This process is repeated to 
make sure that the place of the crack tip does not change and that the crack length remains constant. 
6.1 Modeling  
In this section, only the dam and foundation are modeled, and then hydrostatic pressure is applied to 
the dam without the effect of reservoir interaction. In this model the foundation is modeled by a depth 
equal to the height of the dam and by a length equal to twice the height of the dam upstream, and by only 
the height of the dam downstream. In this example the four node linear elements (PLANE42) are used to 
analyze the structure of the concrete dam and the rock foundation.  These elements are defined by plane 
stress behavior because the gravity dam is indicated as a plane with variable thicknesses. By assuming 
elastic materials for the dam, the only required properties are the elasticity of the concrete, Poisson’s ratio, 
density, and damping. The material properties are listed in Table 1.  
In calculating stress distribution at the base, followed by the calculation of safety factors, none of the 
regulations used make reference to the elastic properties of the foundation materials; therefore, for 
different kinds of foundation materials, the stresses on the base of the dam are calculated in the same way, 
and the type of existing materials has no effect on the safety factors of stability. This problem, which is a 
serious defect in these regulations, does not apply in the finite element method because in this method the 
elastic properties of materials should be specified in the model for analyzing the foundation and dam and 
for calculating stress distribution.  
Although the results obtained show more accuracy, drawing a safe comparison between the 
approximate model of the regulations and the more accurate finite element model is difficult. This is due 
to the information needed in the finite element method (such as modulus of elasticity) that is not available 
in the approximate analysis. Therefore, to eliminate this problem, the finite element method is repeated 
using several different values for elastic properties of materials; the resulting stresses of these values are 
calculated and then compared with the approximate values.  
Table 1 : Profile of required materials in finite element model 
Material 
number 
Description 
Elastic modulus 
(GPa) 
Poisson’s ratio Density (kg/m3) Damping 
1 Dam material 27.4 0.15 2402.77 0.05 
2 
Foundation 
material 
10 0.25 ----- ----- 
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Figure 2 shows the stress distribution at the base of the dam with full contact. It is noted that the stress 
diagram is not linear but is a curve. The regulation is based on the supposition that this diagram is linear, 
which reduces the accuracy of the calculations.  
 
Figure 2 : Diagram of stress distribution at the base of the dam with full contact 
Figure 3 shows the modeling of the dam with a crack.  
 
Figure 3 : Modeling of a crack at the heel of the dam 
Table 2 : Comparison of results of the analytical methods 
Finite element 
method 
Er = 15 GPa 
Finite element 
method 
Er = 10 Gpa 
Finite element 
method 
Er = 2.74 GPa 
Method of 
USACE 
regulation 
Analytical  method 
 
4812.76 3342.53 2931.41 3283.2 Uplift pressure (KN) 
8.58 2.93 0 2.51 Crack length (m) 
2.492 3.244 4.05 3.392 Eccentricity (m) 
í677030 í755890 í946670 ---- Maximum stress in foundation (Pa) 
í1262300 í1062200 í1742200 í538939 Maximum stress in dam (Pa) 
0.866 1.188 1.278 1.205 Sliding factor of safety 
24 28 17 55 Stress factor of safety for dam 
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Using the finite element method and uplift pressure distribution according to the USACE regulation, 
the calculation demonstrates that the crack length obtained is equal to 2.93 m. Table 2 shows the results 
of both the approximate and the exact methods. 
7. Stability calculations using the URBR regulation  
The results indicate that a crack is developing at the heel of the interface because the magnitude of the 
total stress below the heel (ıtotal_heel) is less than the minimum allowable compressive stress (ızu). One 
should recall that in these calculations the uplift pressure force U is included in the calculation of the 
minimum allowable compressive stress (ızu) and not in the calculation of (ıtotal_heel). In the next stage, 
once cracking is identified, the stability calculations are repeated for the cracked section. Two key 
changes are made in the calculations. First, the USBR criteria apply full hydrostatic pore-water pressures 
within the cracked region with the assumption that the drains are ineffective with E = 0. Second, the 
nature of these calculations for a cracked base changes from those used to determine crack initiation. 
These calculations become essentially an effective stress-based procedure like the one used by USACE. 
Crack propagation is determined by comparing the minimum effective base pressures against the tensile 
strength of the material. This series of equilibrium calculations results in a computed crack length T equal 
to 30.735 ft (9.37 m). 
8. Stability computations using the finite element method and uplift pressure distribution 
according to USBR 
Figure 4 shows the stress diagram below the dam, based on finite element methods and the USBR 
regulation. As can be seen, tensile stress is at the heel of the dam. Thus the crack might develop at the 
base of the dam. 
 
Figure 4 : Diagram of stress distribution at the base of the dam with full contact 
The results of the final calculations are summarized in Table 3. 
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9. Stability calculations using the FERC regulation 
It should be recalled that the uplift pressure distribution in the FERC regulation is the same as in the 
USACE regulation, in which the crack is before the drain line and the drainage remains fully effective. 
When the crack extends beyond the drain line, however, the uplift pressure distribution is different. In this 
example the computed crack length, obtained according to the FERC method, is equal to the crack length 
determined by the USACE method because the crack does not extend beyond the drain line.   
Table 3 : Comparison of analytical methods 
Finite element 
method 
Er = 15 GPa 
Finite element 
method 
Er = 10 GPa 
Finite element 
method 
Er = 2.74 GPa 
Method of USBR 
regulation 
Analytical  method 
 
4812.76 4440.23 3256.66 8924.8 Uplift pressure (KN) 
8.58 5.96 0 9.37 Crack length (m) 
2.492 3.286 4.467 2.249 Eccentricity (m) 
í677030 í741430 í935390 ---- Maximum stress in foundation (Pa) 
í1262300 í1389300 í1719400 í569607 Maximum stress in dam (Pa) 
0.866 0.947 1.270 0.844 Sliding factor of safety 
24 22 17 53 Stress factor of safety for dam 
10. Stability computations using the finite element method and uplift pressure distribution 
according to FERC 
Table 4 shows the results of both methods. 
Table 4 : Comparison of analytical methods 
Finite element 
method 
Er = 15 GPa 
Finite element 
method 
Er = 10 GPa 
Finite element 
method 
Er = 2.74 GPa 
Method of FERC 
regulation 
Analytical  method 
 
3485.24 3342.53 2931.41 3283.2 Uplift pressure (KN) 
4.21 2.93 0 2.51 Crack length (m) 
2.78 3.244 4.05 3.392 Eccentricity (m) 
í681320 í755890 í946670 ---- Maximum stress in foundation (Pa) 
í959800 í1062200 í1742200 í538939 Maximum stress in dam (Pa) 
1.157 1.188 1.278 1.205 Sliding factor of safety 
31 28 17 55 Stress factor of safety for dam 
11. Conclusions 
i. In general, the calculation process of crack length, based on three regulations, is almost identical. There 
are differences, however, between these three regulations; the most important factor is the calculation 
method of uplift pressure distribution. This factor will be more evident, especially when the crack occurs.  
ii. The three regulations do not consider the effect of foundation properties in the stability calculation. 
Therefore, the foundation characteristics are not effective in the results of the approximation method of 
regulations that tend to increase the errors and decrease the accuracy of the results. One important 
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foundation parameter is the elastic modulus (elasticity properties). But in the finite element method, the 
foundation is modeled completely and with the dam body. The foundation properties, therefore, can be 
most effective in calculating the crack length. Even when the regulation uplift pressure is used in the 
finite element method, but by changing the elastic modulus of the foundation, the value of the calculated 
crack length changes significantly.  
iii. One of the factors that is effective in reducing the accuracy of regulation methods is the assumption 
that the effective stress distribution at the base is linear. The finite element method does not include this 
assumption and calculates the stress distribution effectively, as demonstrated by the obtained results. 
iv. As was observed in the USACE regulation, the value of the crack length was calculated with several 
foundation elastic moduli based on the finite element method, using the uplift pressure distribution. For 
the elastic moduli of the foundation equal to 10 and 15 GPa the calculated crack length is more than the 
crack length obtained from the USACE method. This issue shows that by the use of this regulation and its 
foundation values the elastic modulus is the opposite of security.  
v. Based on the schema issue investigated in this study, the USBR regulation compared with the finite 
element method, with its three elastic moduli of foundation safety and its results, show that the latter is 
conservative. But for any loading conditions, one of the three regulations compared with the finite 
element method may be critical. 
vi. The results obtained from all the discussions and calculations from this research show that the finite 
element method is more accurate than the three U.S. regulatory methods. Moreover, these U.S. regulatory 
methods may contribute to unsafe results. This shows the necessity of using the finite element method for 
analyzing gravity dams even at the initial phase of design. Thus the use of any of the three U.S. regulatory 
methods is not recommended, specifically at the level of the dam near the base, where the elasticity 
properties of the foundation were very effective. 
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